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SUMMARY 

The technical analysis and design for this program were completed 
during the first quarter of the contract period. This work was described in 
the first quarterly report. Fabrication of two static inverter/converter test- 
inodels was started and about 60% completed during the second quarter. 
Transformer laminations were punched from Cubex Steel for the static- 
inverter output-transformer test-model. A test procedure was designed and 
written for laboratory evaluation of the test-models. It is expected that tests 
to be completed during the third quarter will demonstrate the feasibility and 
advantages of operating static inverters or  converters in parallel as contrasted 
to the simple use of redundant units. They will also confirm the anticipated 
improvement in static inverter transformer efficiency with use of field-annealed 
doubly -oriented silicon -steel. A c /7 ' f - l 6L  
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I. INTRODUCTION 

The purposes of this contract are (1) to develop means for parallel 
operation of static inverters and converters, and (2) to evaluate the use of 
Cubex steel as a means of increasing the efficiency and/or the power-to- 
weight ratio of static inverters. 

The analytical work and the design work were completed during the 
first quarterly reporting period as described in the first quarterly report. 
This quarter's objectives were to begin building electrical test-models, and 
to prepare a test program for  laboratory evaluation of the concepts developed 
during the analytical and design stages of this contract. This report describes 
the progress in these areas. 

During the third quarter, the test-models and the laboratory evaluation 
will be completed. A qualitative reliability and weight analysis will show why 
and when it is advantageous to operate static inverters or converters in 
parallel. 
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11. FABRICATION OF STATIC INVERTER OUTPUT TRANSFORMER 
UTIIlIzING FIELD-ANNEALED DOUBLY-ORIENTBD 

SILICON-STEEL 

The Cubex-steel transformer -core laminations were fabricated and 
sent to Westinghouse Research and Development Center to be field-annealed. 
The coil forms, wire, and other components have been provided. The output 
transformer will be assembled with the field-annealed Cubex-steel punchings 
next quarter. 

Current data on Cubex-magnetic material are included in Appendix I. 
This IEEE District Paper, "Cubex Magnetic Cores for Aerospace Electrical 
Equipment", was presented as an unprinted District IEEE paper in Toledo 
May 8, 1963. The written form of this paper appears in Appendix I through 
the courtesy of the author, Dr.  A. C. Beiler, Chief Scientist, Westinghouse 
Aerospace Electrical Division, Lima, Ohio. This paper, mentioned in the 
first quarterly report, presents an informative description of Cubex-steel, 
its magnetic characteristics, and the effect field-annealing has on these 
characteristics. Most of the data presented are based on round cores, but 
the data give a good early indication of the material 's capabilities. 
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111. FABRICATION O F  STATIC INVERTER/CONVERTER 
MODEIS FOR PARALLELING EVALUATION 

Assembly of the inverter/converter test -models is now 60% complete 
with about 95% of the bought-outside par ts  received. Because of problems 
in procuring timely delivery of cores for ten different magnetic components, 
complete assembly of the inverter/converter test -models will be delayed 
until the middle of next quarter, 
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IV.  TEST PROGRAM FOR TRANSFORMER AND 
PARALLETJNG EVALUATION 

A test procedure was written to direct the laboratory evaluation of the 
Cubex-steel transformer and the paralleling of the two inverter/converter 
electrical models. The test procedure is Appendix 11. 

A. Parallel Inverter Evaluation. 

The electrical models will first be operated as isolated static inverters 
to measure the load-division-circuit gain. The accuracy of this circuit design 
will be checked by supplying rated load current at 0.5 lagging power factor 
from one inverter model. When the load-division current -transformer secondary 
is not shorted, the inverter output voltage is designed to decrease from a nominal 
value of 115 volts to approximately 67.5 volts. This characteristic will be 
checked on both inverter models. 

Next, the operation of the frequency-locking circuits will be checked. 
When both inverter models are energized, only one of the two tuning-fork 
frequency references should start and will determine the output frequency of 
both inverter models. This frequency-locking circuit is designed to select 
automatically, one of two or more tuning-fork oscillators in a parallel inverter 
system, and use the selected oscillator to control the frequency of all the 
paralleled inverters. In some parallel system applications, it may be pre- 
ferable to eliminate this frequency-locking circuit by using only one frequency 
reference for the entire system. 

The operation of the phase-lock circuits will then be tested. This inter - 
connection of inverters is designed to assure that both inverters produce three- 
phase output voltages with corresponding phase voltages in-phase with each other. 
For example, with the phase-lock circuits operating properly, phase A output 
voltage of inverter I will be in phase with phase A output voltage of inverter 
11. This is a condition which must be met before connecting the inverter output 
terminals in parallel. 

The load-division current-transformer secondary terminals, X1 and X2,  
will be short circuited during normal isolated-inverter operation. This allows 
an electrical load to be connected to the isolated-inverter without the output 
voltage drooping because of the load-division-circuit gain. When the inverter- 
model output terminals are connected in parallel, the load-division current- 
transformer secondaries are connected in a series loop as shown in Figure 9 
of Appendix 11. These current-transformer interconnections will be made 
automatically with auxiliary contacts on the paralleling circuit breaker. During 
parallel operation, a variety of loads will be used from 0 to 125% rated load 
with power factors from 0. Shading to 0.75 lagging. Ammeters and wattmeters will 
be used to determine how well the load is shared between inverters under 
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steady-state conditions. A recording oscillograph will be used to record load 
sharing characteristics during paralleling transients and load transients. 

I 
B.  Par allel Convert e r Evaluation. 

Each static inverter model will be used as a static converter model 
by rectifying the delta connected inverter output voltage with a three-phase 
full-wave rectifier. This rectifier is included in the model and the necessary 
terminal board connections for single converter operation are shown in Figure 
10 of AppendixII. These interconnections result in a converter with a rated 
output of 153.5 volts, 4.88 amperes, d-c. 
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With rated load applied to an isolated-converter model, the d-c load 
division circuit will be adjusted so that 20 volts, d-c, is measured between 
terminals Y1 and Y2. This adjustment will be repeated for the second con- 
verter * 

When the two converter output terminals are connected in parallel, 
the Y1 and Y2 terminals of converter I must be connected to the Y1 and Y2 
terminals respectively of converter I1 shown on Figure 11 of Appendix 11. 
This will be accomplished automatically with auxiliary contacts on the paral- 
leling circuit breaker, (The operation of this d-c load division circuit is 
described in the first quarterly report and is adapted from methods used to 
operate regulated transformer -rectifiers or  regulated d-c generators in 
parallel.) Ammeters and wattmeters will be used to record the steady-state 
load division between the paralleled converters. Loads from 0 to 125% will 
be applied; a recording oscillograph will be used to record load current 
division during all paralleling and load transients. 

C. Transformer Evaluation , 

The effect of using Cubex-steel in the inverter output transformer 
will be evaluated by measuring transformer temperature rise and inverter 
efficiency. These measurements will first be made with the singly-oriented, 
silicon-iron core in the inverter output transformer. This output transformer 
will then be replaced with an identical transformer having a Cubex-steel core. 
Inverter efficiency and output transformer temperature rise will again be 
measured at both zero and full load. These measurements will illustrate the 
improved inverter efficiency caused only by changing the output transformer 
core material. This reduction in losses can be traded for reduced trans- 
former weight. This would improve the power-to-weight ratio of the in- 
verter without affecting efficiency. These trade -off possibilities will be 
calculated for the final report. 
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V. PLANS FOR FUTURE WORK 

The two inverter/converter electrical models and static-inverter output 
transformer model will be completed during the first half of next quarter. These 
electrical models will be evaluated during the last half of next quarter in ac- 
cordance with the test procedure in Appendix 11. The evaluation is to be com- 
pleted by the end of the third quarter. 

A qualitative description of the factors contributing to increased system 
reliability at reduced weight, which result from paralleling inverters, will be 
prepared for the final report. 

7 



VI. CONCLUSIONS 

Implementation of the test procedure in Appendix I I will adequately 
demonstrate that successful paralleling of static inverters and converters 
has been achieved. This test procedure will demonstrate the load division 
capabilities of the proposed paralleling methods under both steady- state and 
transient conditions. This test will also illustrate the improved inverter effi- 
ciency made possible through the use of doubly-oriented field- annealed silicon- 
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CUBEX MAGNETIC CORES FOR AEROSPACE ELECTRICAL EQUIPMENT 

A. C. B e i l e r  

Summary. Data a re  presented on magnetic cores wound from newly 

developed 0.002" thick cube texture  oriented Cubex s i l icon-iron 

tape. The cores a re  characterized by high permeability: 1900 

a t  10 oersteds: low coercive force: 

net iz ing force of 10 oersteds;  and low core loss: 

pound a t  15 kilogausses and 400 cycles per second. 

annealing generates even bet ter  propert ies .  

0.2 oersted a f t e r  a t i p  mag- 

5.5 w a t t s  per 

Magnetic f i e l d  

INTRODUCTION 

Those present a t  t h i s  session on Aerospace surely are a w a r e  of 

the  importance of t he  use of high qua l i ty  mater ia l s  i n  aerospace 

electrical equipment. 

t he  necessi ty  of high performance and extreme r e l i a b i l i t y  i s  t o  

mentally place himself i n  a space voyaging machine as an astronaut. 

The personal anxiety w i l l  make the  poin t  c lear .  

a less personal approach and considers only the instrumented scien- 

t i f i c  data  gathering space programs, the enormous cost  of a space 

miss ion  demands t h a t  the mission be successful. 

must i n s i s t  t h a t  r e l i a b l e  high qua l i ty  apparatus be used. 

equipment requires  t h e  best i n  design andthe maximum performance 

of materials.  

A l l  one needs t o  do t o  impress himself with 

Even i f  one takes  

As taxpayers we 

Such 

The needs of the space programs and the  continuing domestic and 

mi l i t a ry  a i r c r a f t  programs can only be m e t  by continual improvements 

i n  equipment. The or ig ins  of these improvements come from three 

closely in t e r r e l a t ed  and interdependent mwces: 
11 
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2. 

3. The research t h a t  leads t o  new mater ia ls  

The discovery of new s c i e n t i f i c  pr inciples  

The creat ion of new designs 

Consequently it i s  i n  the national i n t e r e s t  t o  continue t h i s  search 

for  new principles ,  for bet ter  designs and for  vas t ly  improved new 

materials.  

The first source of improvement, discovery of new pr inciples ,  

is  a r e l a t i v e l y  r a r e  occurrence and even when it happens it may 

have t o  w a i t  for i t s  rea l iza t ion  u n t i l  the other two a re  abreast  

of it. The opportunity t o  create  a new design is  of ten,  b u t  not 

always, dependent upon the existence of a new superior material- Many 

times the a v a i l a b i l i t y  of a new mater ia l  and an appreciation of i ts  

charac te r i s t ics  suggest a new device or a new way t o  accomplish the  

purposes of i t s  less elegant or more cumbersome predecessor. 

The capacitor o f f e r s  a good example of t h i s .  The principlas  of 

i t s  operation have been known for  many years and are unchanged, b u t  

almost the  only relat ionship a modern capacitor bears t o  i t s  forebears 

is t h e  operating pr inciple ,  

modifications i n  design tha t  have brought us a vas t ly  improved capa- 

c i t o r  when compared t o  the  e a r l i e s t  ones. 

Much improved mater ia ls  have p e r m i t t e d  

The e n t i r e  h i s to ry  of indus t r ia l  development i s  studded with 

s i m i l a r  cases. Perhaps (though admitting a personal bias) th i s  has  

been most t r u e  of t h e  e l e c t r i c a l  industry. 

asked not  only t o  extend i t s  steady growth of improvements, bu t  t o  

accelerate  the ra te  of improvement of equipment and t o  extend these 

improvements t o  extreme environmental conditions. Thus, when a new 

material with much improved propert ies  comes on t h e  scene, it i s  

Now t h e  industry i s  being 

12 
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important t o  know i t s  charac te r i s t ics  w e l l  and t o  make sure t h a t  

those who may have occasion t o  use it i n  t h e i r  work have the oppor- 

t u n i t y  t o  hear about it publicly. 

Consequently it is  both a duty and a pleasure for  the wri ter  t o  

present information on a new magnetic material  and a n e w  magnetic 

core which may have profound e f f ec t s  on design of equipment, i n  

which many of you par t ic ipa te .  

The new material i s  0.002" tape of doubly-oriented sil icon-iron 

CUBEX alloy. 

meabi l i t i es  a t  high inductions, low coercive force and low t o t a l  

core loss over a range of frequencies, Typically the  material  has 

a permeability of 1900 a t  a magnetizing force of 10 oersteds,  a 

coercive force of 0.2  oersteds measured from a t i p  magnetizing force 

of 10 oersteds and a 400 cycle core lo s s  a t  15 kilogausses of 3.5 

watts per pound. 

subjecting t h e  core t o  a magnetic f i e l d  during i s  annealing t reatment ,  

Cores wound from t h i s  material  have high magnetic per- 

men these good cha rac t e r i s t i c s  can be improed by 

HISTORY OF ORIENTATION DEVELOPMENT 

Observation of Crystal Anisotropy. 

It i s  both in t e re s t ing  and provides a b e t t e r  technical understand- 

ing of t h i s  material  t o  review b r i e f l y  t h e  s c i e n t i f i c  and technical  

growth which lead up t o  cube texture. Such a review shows t h a t  the  

cube tex ture  i n  si l icon-iron has been a"1ong sought-for" development. 

I ts  probable technical advantages have been surmised by magneticians 

fo r  many years . 
The development of cube texture probably had i ts  or ig in  i n  t he  

e a r l y  s tud ies  of t he  properties of c rys ta l s .  While studying c r y s t a l s  

from a m e l t  containing 1.6 per cent s i l i c o n  I(. Beck (1) observed 

13 
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c rys t a l  anisotropy i n  1918. Beginning about 1925 the  l i t e r a t u r e  

contains reports  of numerous invest igators  who s teadi ly  improved the 

data by ref ining the method of making more perfect  s t ress-free cry- 

s t a l s  and by re f in ing  measurements techniques. With t h i s  r e f inemen t  

of accuracy i n  observations more precise  evaluation of the con- 

s t a n t s  i n  the r e l a t ions  for  crystal  anisotropy energy was possible.  

I n  1937 H. J. W i l l i a m s  (2) published measurements of t he  mag- 

ne t iza t ion  curves for  the three pr inciple  d i rec t ions  of a s ing le  

c rys t a l  of 3.8 per cent s i l i con  i ron (see Figure 1) , which a r e  i n  

excel lent  agreement with magnetization curves calculated on t h e  basis 

of anisotropy energy. From t h i s  f igure it i s  c lear  t h a t  the  easy 

d i rec t ion  of magnetization i s  the  

The intermediate direct ion i s  

the  most d i f f i c u l t  direct ion is  the  b13 direct ion or body 

diagonal of the cube. Schlectweg (3) disclosed a method for  callcu- 

@Og direct ion or any cube edge. 

pig or the  cube face diagonal and 

l a t i n g  the  magnetization curve for  any other or ientat ion when the 

th ree  bas ic  curves of F igure  1 are known. Later R. M. Bozorth (4) 

described a graphical method for accomplishing the same thing. 

Technical Motivation for Searching for  a Method of Crystal Alignment 

From the  f igure  it i s  clear  t h a t  the permeability i s  a maximum 

i n  t h e  @Og direct ion.  Further, s ince a l l  t h e  curves eventually 

reach the  same saturat ion magnetic induction, t he  smallest  hys te res i s  

loop a t ta inable  w i l l  be t h a t  for  the  @OJ direct ion.  Since the  

differences between the magnetization curves for  t he  three pr inc ip le  

d i rec t ions  a r e  so gross,  it i s  c lear  t h a t  a magnetic c i r c u i t  i n  which 

the  

points  should have very high permeability and t h e  lowest possible  
E O 4  direct ion is  lined up with the magnetic f lux path a t  a l l  

14 



t 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t o t a l  core loss ,  provided of course, t h a t  the c rys ta l s  a re  f r e e  t o  

a high degree from s t ruc tura l  defects and from stress. I n  commercial 

polycrystal l ine material these l a t t e r  r e s t r i c t i o n s  a re  very d i f f i c u l t  

t o  meet- B u t  for  many years the most d i f f i c u l t  pa r t  of the problem 

was t o  f ind  a way t o  prepare magnetic sheet w i t h  any kind of con- 

t r o l l e d  c rys ta l  orientation. 

Most magnetic materials having cubic c rys t a l  s t ructure  a re  char- 

acter ized by a random crys ta l  s t ructure  where there is  no apparent 

connection between the f i n a l  average c rys ta l  s t ructure  of the sheet 

and any processing factors .  This s t ructure  has been compared t o  a 

thoroughly shaken bag of blocks. I n  Figure 2 the  arrangement of 

cubes marked "random" i s  an e f fo r t  t o  portray graphically the 

random orientat ion of the i ron crystals  w i t h  respect t o  the length 

and width of a s t e e l  sheet (represented by the black s t r i p )  which i s  

most common among the less sophisticated magnetic materials.  Clearly, 

t h i s  s t ruc ture  eliminates any poss ib i l i ty  of aligning an applied mag- 

net iz ing force with a l l  the  cube edges. Thus one i s  forced t o  accept 

a mixture of the  three pr inciple  magnetization curves a s  the magne- 

t i za t ion  curve for  unoriented magnetic materials. 

Discovery of Cube-onEdge Orientation and Its Limitations 

This was the  s i tua t ion  when Goss (5) disclosed processes of com- 

bining cold reduction and annealing which produced material  of superior 

magnetic propert ies  when measured p a r a l l e l  t o  the r o l l i n g  direct ion 

of the  material. H i s  processes produced the s t ruc ture  i l l u s t r a t e d  

i n  the central  example of Figure 2 and described i n  1935 by Bozorth ( 6 ) .  

This s t ruc ture  i s  commonly called the "cube-on'edge", Goss texture  or 

s ingly oriented material. The cube edges, E O 3  direct ions,  are 

15 
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l ined  up p a r a l l e l  t o  the  ro l l ing  direct ion of the s t r i p .  

appl icat ions where it is  possible t o  use  a f lux  direct ion i n  the  

s t e e l  p a r a l l e l  t o  the  r o l l i n g  direct ion,  one might ul t imately ex- 

pect  t o  obtain propert ies  similar t o  or approaching the  propert ies  

of a s ingle  c rys t a l  i n  the direct ion.  

Thus, i n  

The re l a t ion  of material  propert ies  t o  perfect ion of c rys t a l  

alignment was real ized very early.  

by Goss himself, by Frey and Bi t te r  (7), by Cole and Davidson ( 8 )  

and by Carpenter (9) during the  next few years t o  produce a more 

perfect  c rys ta l  s t ruc ture  while applying processes which, though 

novel, were s t i l l  compatible w i t h  s t e e l  m i l l  pract ice .  Eventually 

t h i s  led t o  ava i l ab i l i t y  of the cube-on-edge steel i n  t h e  market 

place and it became a par t icu lar ly  s ign i f icant  factor  i n  the t rans-  

former industry. 

Considerable e f f o r t  w a s  applied 

Constant a t ten t ion  by the producers t o  a mass of f ine  d e t a i l  

i n  t e r m s  of processing var iables  and material pur i ty  have continued 

t o  improve the e l e c t r i c a l  eff ic iency of t h i s  material t o  the extent 

t h a t  it is  the most prominent s ing le  type of mater ia l  i n  the  high 

qua l i ty  e l e c t r i c a l  industry today. The same type of a t ten t ion  t o  

bui l t - in  qua l i ty  promises t o  improve it i n  the  fu ture  and s imilar  

a t ten t ion  t o  design and manufacture of apparatus from it promises 

s t i l l  higher eff ic iency and lower apparatus weight i n  the  future .  

An examination of Figure 2 w i l l  d isclose a l imi ta t ion  i n  t he  use 

of cube-on-edge material  for  cer ta in  appl icat ions where magnetic f lux  

paths  may have t o  go around corners or l i e  i n  d i f f e ren t  d i rec t ions  

with respect  t o  the  r o l l i n g  direct ion of the sheet. Although four 

edges of each cube are l ined up with the r o l l i n g  d i rec t ion  i n  the  
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cube-on-edge s t ructure ,  the f ac t  t h a t  t he  cube i s  standing on edge 

with respec t  t o  the plane of the sheet causes the  (110) plane t o  

l i e  i n  the  plane of the sheet. I f  one appl ies  a magnetizing force 

t ransverse t o  the  ro l l i ng  direct ion,  it is  i n  the @la or face 

diagonal direct ion,  which, from Figure 1, has intermediate ease of 

magnetization, bu t  i s  considerably infer ior  t o  the f i O g  or cube- 

edge direct ion.  

plane of a cube-on-edge sheet it w i l l  be seen t h a t  a t  55 degrees 

away from the  ro l l i ng  direct ion the body diagonal or 

t i on  would be effect ive.  

direct ion.  

I f  one considers other possible direct ions i n  the 

F11] direc- 

Magnetically t h i s  i s  the worst possible 

Discovery of Cube-on-Face Orientation, or Cube Texture 

Now consider the upper example of Figure 2 ,  the cube texture.  

Suppose one w e r e  able t o  control the s t ructure  of the  a l loy  i n  such 

a way t h a t  the  cube face could be made t o  l i e  i n  the plane of the  

sheet. Then there would be cube edges i n  the  plane of the sheet and 

a t  r i g h t  angles t o  each other and the  worst condition t o  be found i n  

the  plane of the sheet would be a t  45 degrees t o  the cube edges or 

i n  t he  cube face diagonal @lg direct ion.  By reference t o  Figure 1 

t h i s  can be seen t o  be the intermediate direct ion magnetically, and 

the  f l g  direct ion does not occur a t  a l l .  Such material  would 

be the cube face s t r v z t u r e ,  b u t  t h i s  does not imply t h a t  a l l  cubes 

having a face i n  the plane of the  sheet would necessar i ly  be s i m i l a r  

i n  alignment of edges. 

cube face c rys t a l s  a r e  so aligned t h a t  a l l  cube edges have the same 

re la t ionship  t o  the edges of the sheet. 

most advantage could be taken of t h i s  texture  i f  the  two pr inciple  

S t i l l  b e t t e r  would be the  case where a l l  

I n  par t icu lar ,  probably the 
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d i rec t ions  of cube edges w e r e  pa ra l l e l  and transverse t o  the  r o l l i n g  

d i rec t ion  of t he  sheet. This i s  what i s  meant by cube texture.  

Like t h e  cube-on-edge texture  the probable value of the  cube 

t ex tu re  w a s  recognized ea r ly  and many labora tor ies  worked for many 

years i n  an e f f o r t  t o  learn  how t o  cooperate with na ture ' s  forces  

so a s  t o  produce such a texture  i n  s i l i c o n  steel. As long ago a s  

1935 Sixtus  (10) found acomponentof or ien ta t ion  w h i c h  he iden t i f i ed  

a s  (100) DO13 i n  s i l i c o n  iron. The balance of t he  or ien ta t ion  i n  

h i s  mater ia l  i s  pr inc ipa l ly  the  Goss (110) texture.  Bozorth, 

W i l l i a m s  and Morris (11) found evidence of cube tex ture  i n  3.5 per- 

cent aluminum i ron  a l loys  about 5 years la ter .  

mater ia l  showed equivalent permeability p a r a l l e l  anti transverse t o  

the r o l l i n g  direct ion.  

Samples of their  

The first report of cube texture  occupying m o r e  than 90 peltcent 

of the volume of a body centered cubic material w a s  the r e s u l t  of 

work by Assmus (12 ,  13) and a team of co-workers, D e t e r t ,  Ganz, B o l l ,  

Pfeifer, and Ibe a t  t he  Vacuumschmelze Laboratory i n  Hanau, Gefmany, 

using a method of secondary r ec rys t a l l a t ion  i n  3 percent 

i ron.  

s i l i con-  

I n  support of their  findings they presented etch-pit  pa t te rns ,  

x-ray pole f igures ,  torque magnetometer curves and magnetization 

curves. The permeability of the 0.0016 inch 3.5 percent s i l i con-  

i ron  a l l o y  tape w a s  equal i n  the r o l l i n g  d i rec t ion  and cross-wise t o  

t h e  r o l l i n g  direct ion,  and a t  high inductions the values w e r e  equiva- 

l e n t  t o  the best commercially avai lable  cube-on-edge material  of 

heavier gauge. 

While it i s  r e a l l y  beyond the scope of t h i s  work t o  trace i n  
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d e t a i l  the  metallurgical development h is tory  of th i s  mater ia l  i n  

subsequent years, a number of references are include'd so t h a t  the  

reader interested i n  obtaining fur ther  information on t h i s  aspect of 

the  cube texture  material-may f ind the pe r t inen t  references more 

easi ly .  The problem was approached vigorously i n  several  labora- 

t o r i e s ,  as can be seen from t h e  l i t e r a t u r e .  A t  the  General Elec t r ic  

Research Laboratory a team consisting of Hibbard, Walter, May, Turn- 

b u l l ,  Pry and Dunn did a considerable amount of invest igat ion on the  

charac te r i s t ics  of the  texture  and i t s  or igin.  (see references 16, 

178 18, 198 20,  27,  28, 29). A t  the  Vacuumschmelze Laboratory, 

where t h e  cube tex ture  was f i r s t  announced, e f f o r t s  continued on 

the fundamental physics of the propert ies ,  vacuum annealing and other 

problems. There the  team consisted of A s s m u s ,  D e t e r t ,  Thomas, Ganz, 

Baer, Brenner and others. (see references 1 2 ,  138 15, 22,  23, 25). 

A t  the  ARMCO Steel Corporation Research Laboratories, D. Kohler (26) 

and others  studied the  e f f e c t  of annealing atmosphere conditionls and 

problems r e l a t ed  t o  i t s  manufacture. A t  t he  Westinghouse Research 

Laboratories s t i l l  another team was working on various aspects  of the 

problem. This group consisted pr inc ipa l ly  of Wiener, Albert, Trapp, 

Aspden, Foster, -mer  and Pavlovic. (see references 14, 15, 21,  248 

30). Additional work a t  Yawata i n  Japan by Toguchi and by various 

Qorkers i n  other Laboratories have not been l i s t e d  s ince  this is not  

intended t o  be a complete l i s t  of the bibliography, bu t  simply one 

which w i l l  give t h e  reader a basic  understanding of the  problems 

involved, A g rea t  deal of the laboratory work has been on heavy 

gauge mater ia l  su i tab le  for  large ro t a t ing  apparatus or fo r  la rge  

power transformers. This work continues i n  the development stage. 
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1 
I PROPERTIES OF THE NEWLY DEVELOPED 0.002" CUBEX ALLOY 

The f i r s t  type of material t o  become avai lable  commercially con- 

sists of toroidal  cores wound from 0.002" thick CUBEX al loy tape. 

I n  Table I the  magnetizing- force required t o  es tab l i sh  a given mag- 

ne t i c  induction for  straight-grain (pa ra l l e l  t o  the  r o l l i n g  direct ion)  

and cross-grain (transverse t o  the r o l l i n g  d i rec t ion)  cube-on-edge 

tex ture  a l loys  is  compared to t h a t  required for t he  CUBEX a l loy  i n  

which the  values a r e  ident ical  for  s t ra ight-grain and cross-grain 

(90 degrees from the r o l l i n g  direct ion) .  From the  standpoint of per- 

meabili ty a t  t h i s  gauge the CUBEX a l loy  shows a c lear  advantage a t  

a l l  inductions/and especial ly  a t  high inductions,regardless of 

direct ion.  I f  one considers an application where the  f lux  path i s  

t ransverse t o  the r o l l i n g  direct ion the comparison becomes even more 

s t r ik ing .  For example, a t  16 kilogausses t h e  magnetizing force re- 

quired fo r  t he  CUBEX a l loy  i s  only 1.4 oersteds while t h a t  required 

for  t he  cube-on-edge al loy i s  100 oersteds,  or over 70 t i m e s  a s  much. 

Comparison of t he  residual induction and coercive force from the  

same t i p  magnetizing force as  shown i n  T a b l e  I1 may i n  some respects 

be unfair  t o  the  CUBEX alloy. Since it w i l l  have been driven closer  

t o  saturat ion than the cube-on-edge material .  For example, a t  10 

oers teds  the CUBEX a l loy  w i l l  have a t i p  inducti0.n of more than 

1 9  kilogausses while i n  the straight-grain case the  cube-on-edge 

mater ia l  w i l l  reach about 1 7  kilogausses. Thus, t he  difference 

between the residual  induction for  the s t ra ight-grain cube-on-edge 

mater ia l  a t  15,800 gausses and the residual  induction for  the s t r a i g h t  

or cross-grain CUBM a t  11,800 gausses is even more indicat ion of the  

l o w  remanence of the  CUBM alloy. The Goss texture  material taken 
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cross-grain w i l l  reach only about 13 kilogausses a t  t h i s  magnetizing 

force s o  a res idual  induction of 8.5 kilogausses f o r - i t  i s  hardly 

comparable t o  the other figures.  A s i m i l a r  argument can obviously 

be applied t o  the values for  the coercive force,but  any re-evaluation, 

for  example, observing the  coercive force from the same t i p  induction, 

can only be more f l a t t e r i n g  t o  the CUBEX al loy.  The magnetic 

hys t e re s i s  loop for  the CUBEX al loy has less than 1/2  the width of 

the s t ra ight-grain cube-on-edge hysteresis  loop, and less than 1/4 

of the width of the cross-grain loop for  t he  cube-on-edge alloy. 

From consideration of these data  on the  two mater ia ls  it 

would appear t h a t  the  CUBEX alloy i s  superior whether one makes use 

of the  double or ientat ion and the good propert ies  i n  the  cross-grain 

f lux  d i rec t ion  or not. For t h i s  reason samples were prepared i n  the  

form of toroidal  cores for  further invest igat ion and comparison with 

toro ida l  cores made of the  Goss texture  alloy. Toroidal cores m a d e  

from t h e  CUBEX a l loy  tape present no special  construction problems. 

Following procedures worked out long ago for  t he  Goss texture  material, 

cores a re  wound using standard production techniques. Their edges 

a re  bonded with an epoxy res in  which imparts a r i d i g i t y  

t o  the core t h a t  makes core boxes unnecessary. Character is t ics  of 

to ro ida l  cores of t he  two materials a r e  compared i n  Figure 3 ,  which 

shows the  normal d-c magnetization curves for  both types and p la in ly  

shows the  superior i ty  of the  CUBEX cores a t  a l l  inductions but  

especial ly  a t  high inductions. Comparing the  s i t ua t ion  a t  a magneti- 

zing force of 10 oersteds one sees t h a t  the f lux densi ty  i s  s t i l l  over 

19 kilogausses i n  the  CUBEX core, but less than 17 kilogausses i n  the 

cube-on-edge core. 
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I n  the  discussion above it  was pointed out t h a t  t h e  hys te res i s  

loop for  the  CUBEX a l loy  was smaller than t h a t  for  the cube-on-edge 

alloy by v i r tue  of i ts  lower residual  induction and much smaller 

coercive force. Thus under cycl ic  exci ta t ion one would expect con- 

s iderably lower hysteresis  losses. 

current  losses ,  which depend pr incipal ly  on the e l e c t r i c a l  r e s i s t i v i t y  

of t he  mater ia l ,  should be about equal fo r  the same exci ta t ion s ince  

both a l loys  have about the same s i l i con  content and a re  reasonably 

pure i ron otherwise, 

eddy current losses ,  which can be equated for  these two mater ia ls ,  

and the  hysteresis  losses ,  which should be lower for  the CUBEX alloy, 

then t h e  CUBEX a l loy  should have a d i s t i n c t  advantage again. Hawever, 

t he re  are a l so  differences i n  the  typical  arrangements of t he  magnetic 

domains i n  the  two mater ia ls  which might give rise t o  unanticipated 

differences i n  the  so cal led anomalous losses ,  which are known t o  be 

more s igni f icant  i n  thinner sheets. Rather than t o  speculate on th i s  

question it is  expedient t o  test  cores and determine t h e i r  to td l  loss 

charac te r i s t ics .  

On t he  other hand the eddy 

I f  one i s  concerned only with the  c l a s s i ca l  

The t o t a l  core loss for  t he  t h i n  CUBEX cores a t  400 cycles per 

second i s  lower a t  a l l  inductions than t h a t  of t h e  Goss texture  cares 

a s  shown i n  Figure 4. 

sented above, t he  differences are evident,  bu t  not as s t a r t l i n g  a s  

the  differences i n  d-c propert ies ,  because of the  strong equal con- 

t r i bu t ion  of eddy current  losses  i n  both cases, 

a t  t he  higher inductions, the CUBEX cores a r e  remarkably lower i n  

loss than t h e  Goss textured cores. A t  15 kilogausses the  400 cycle 

core loss i n  w a t t s  per pound is 8.0 for  Goss t ex ture  cores and i s  

A s  one would expect from the argument pre- 

Even so, especial ly  
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only 5.5 for  CUBEX cores, an improvement of 31 percent. 

The exci t ing RMS volt-amperes required for CUBEX cores, although 

equivalent t o  cube-on-edge cores a t  low inductions, are  again lower 

a t  high inductions. From Figure 5 one can see t h a t  a t  15 kilogausses 

the  400 cycle exci t ing r m s  vol t  amperes per pound i s  6.5 for  the 

CUBEX cores and about 1 2  f a r  Goss t ex ture  cores. 

A t  higher frequencies CUBEX cores r e t a i n  the i r  advantage over 

cube-on-edge cores. For example, a t  2,000 cycles per second and 15  

kilogausses the  watts l o s t  per pound of material  a re  48 for  CUBEX 

cores and 59 for cube-on-edge cores, an 18 percent advantage for the  

CUBEX cores. Under the  same conditions the  exci t ing RMS v o l t  amperes 

per pound are  50 for  CUBEX cores and 68 for  Goss texture cores. The 

evident superior i ty  of the CUBEX cores make them c lear ly 'des i rab le  for  

any applications such a s  those i n  the  aerospace f i e l d ,  where perfor- 

mance i s  crucial .  I t  i s  a l so  f a i r l y  c lear  t h a t  by proper core 

select ion and core winding design considerable savings i n  space, 

weight, and eff ic iency may be obtained. 

Magnetic Field Annealinq 

The magnetic propert ies  of CUBEX to ro ida l  cor.es respond favorably 

t o  an annealing treatment i n  a magnetic f i e ld .  

without a magnetic f i e l d  there i s  no substantial degree of common 

alignment of magnetic domains, but  with the  magnetic f i e l d ,  the  

alignment of domains can be established i n  e i t h e r  t h e  r o l l i n g  d i rec t ion  

I f  cores are . w a l e d  
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or 90 degrees t o  it, according t o  what the application may require .  

Cores were cooled from an elevated temperature i n  an'Incone1 r e t o r t  

a t  a predetermined r a t e  i n  a dry hydrogen atmosphere i n  the  presence 

of a f i e l d  of 10 oersteds provided i n  the  direct ion of the toro ida l  

windings (along the  ro l l i ng  direct ion)  by a s ingle  t u r n  f ix tu re  

which i s  attached t o  the sea l  a t  the  cold end of the Inconel r e t o r t .  

The domain alignment i n  cores which a re  annealed i n  a magnetic 

f i e l d  generates a marked improvement i n  magnetic propert ies-  The 

magnetization curves of a CUBEX core before and a f t e r  a f i e ld  anneal 

a r e  shown i n  Figure 6. There is  a noticeable increase i n  rectangu- 

l a r i t y  of the  magnetization curve a f t e r  magnetic annealing- The 

maximum permeability increased from 22,590 t o  73,170 and, a s  one 

might expect, a corresponding increase i n  the residual  induction 

(measured from a t i p  magnetizing force of 10 oers teds)  from 11,800 

t o  17,960 was found a f t e r  t h e  magnetic anneal, 

v o l t  amperes w e r e  a l so  improved by t h i s  treatment. 

400 cycle  losses  a t  15 kilogausses dropped f r o m  5.5 w a t t s  per pound 

with a normal s t ress-rel ief  anneal t o  4.5 watts  per pound a f t e r  t h e  

magnetic anneal, an improvement of about 18 percent. Unfortunately 

Goss t ex ture  cores annealed i n  a magnetic f i e l d  do not change 

appreciably. 

Losses and excating 

For examplb, t h e  

Propert ies  of the CUBEX al loy cores i n  t h e  stress-relief annealed 

and magnetically annealed conditions are compared with several  spec ia l ty  

a l loys  i n  the nickel-iron and cobalt-iron famil ies  in Figure 7. From 

the standpoint of appl icat ion of mater ia l  it is  evident from the  pre- 

ceding paragraphs t h a t  the CUBEX a l loy  cores can be considered for  

many appl icat ions now using the Goss t ex ture  s i l i c o n  i ron  al loys,  and 



from an examination of Figure 7 ,  there  appear t o  be areas  w h e r e  the  

CUBEX cores may replace e i the r  t he  i so t ropic  49 percent nickel-iron 

or t he  sharp kneed (almost rectangular hys te res i s  loop) 50-50 nickel- 

i ron.  I f  a design c a l l s  f*or operating induction of 15.5 kilogausses 

and a magnetieing force of 1 oersted, non-field annealed CUBEX cores 

may be a subs t i t u t e  for  either the or iented or unoriented nickel i ron.  

Magnetically annealed CUBEX cores could serve where or iented 50-50 

nickel-iron could not,  i f  t h e  design requirements w e r e  more restric- 

t i v e ,  say 16  kilogausses a t  0.3 oersted,  s ince  the curve for  the f i e l d  

annealed CUBEX cores i s  1 kilogauss above the curve for  the or iented 

50-50 nickel-iron curve a t  t ha t  magnetizing force. Except for  ex- 

t r e m e s  of induction or extremes of temperature either type of CUBEX 

core could replace the  27 percent cobalt-iron cores and below about 

17.5 kilogausses the  f i e l d  annealed CUBEX a l loy  cores are superior 

t o  Supermendur (50-50 cobalt-iron) cores a s  w e l l .  

CONCLUSIONS 

The propert ies  of t he  CUBEX a l loy  cores appear su f f i c i en t ly  com- 

p e t i t i v e  t o  the  propert ies  of the other spec ia l ty  a l loys  t h a t  they 

may be expected t o  replace several  of t he  special  mater ia ls ,  de- 

pending upon design factors, i n  such apparatus as saturable  reac tors ,  

or magnetic amplif iers ,  servo devices, torque motors, microsyn gen- 

e ra to r s ,  instrument transformers , intermediate frequency transformers 

and other devices generally using special ty  magnetic materials.  

The appl icat ions t o  magnetic amplif iers ,  inver te rs ,  and t o  pulse 

cores a r e  being studied a t  t he  present t i m e .  On the  b a s i s  of pre- 

l iminary data  it appears t h a t  the CUBEX a l loy  cores  possess a high 

pulse  permeability and w i l l ,  the-* he useful  i n  pulse core 
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applications.  After f i e l d  annealing the  CUBEX a l loy  appears t o  be 

u s e f u l  for  magnetic amplifiers. For example, a t  a magnetizing force 

of 1 oersted it i s  possible t o  operate CUBEX a t  higher inductions 

w h i l e  maintaining t h e  control current below the  leve l  normally used 

with nickel-iron cores, 

To summarize the  s i tua t ion  b r i e f l y  the  CUBEX a l loy  cores a re  

shown t o  have a higher permeability and better d-c charac te r i s t ics  

than G o S S  texture  si l icon-iron cores and under a-c conditions a r e  

shown t o  have lower losses  and require  less exci t ing current  a t  

400 cycles and 2000 cycles. Thus i n  many appl icat ions the CUBEX 

cores may be considered for replacing the Goss texture  cores with 

some technical  advantages, It a l so  appears possible  t o  make s imilar  

subst i tut ions with some of the  special ty  magnetic mater ia ls  of t he  

nickel-iron and cobalt-iron types. 

tests a number of applications should benef i t  from the use of CfuBEX 

cores possibly including pulse cores and magnetic amplifiers.  

Thus on the bas i s  of i n i t i a l  
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MAGNETIZING FORCE OERSTEDS 

Figure I .  Relation Between the Principal Crystallographic 
Directions and the Corresponding Magnetic 
Properties of I ron Single Crystal 
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CUBE TEXTURE 

CUBE-ON-EDGE 

RANDOM 

ROLLING DIRECTION 

Figure 2. Models Showing the Alignment of Iron Cubic Crystals with 
Respect to the Rolling Direction of a Sheet of Steel for 

Three Types of Orientation: Common or Random, 
Cube -on-Edge, and Cube Texture 
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am 11-1 VLCO 

SPECIFICATIONS FOR LABORATORY TEST NO.N4-202 

APPARATUS (2) Inverter/Converter 
Models (P/N LYP18293J1 and (1) Trans- 

OBJECT: (1) To demonstrate feasibility 
of paralleling inverters & converters. 
(2) To evaluate performance of a trans- 
former utilizing field annealed doubly 
oriented silicon-iron in an inverter 
circuit and compare results with 
those of conventional transformer 
core materials. 

former (P/N LYP18292Dl) * 

20006-1B 
Scheduled SE/PE-rity 

Trouble Docket or Development Project No. 

SampleLY PI8292 & 3 charge J i E L m 5 L  

Test LY E n g .  Test 

Hours $ Start CP- 

F r a m e / T y p e R o t a t i o n -  

P/N 

Customer 

Style Section 

Ead oyyait. rhft) 

G.o-CLI) 22790 

Thermoguard Switch 
C a p a c i t o r L &  S No. Spencer No. op s- 
Comm.test b/iinot tok.pgro*cdplortocravete& Covtwitnetsstest USAF USN None 

Test Specm 
Record Data Plot Check 
on Forms CWfS Weight 

DISPOSITION AFTER T E S k E n s i n e e r b s  Stor- 

Other test letters, 
on same unit or set-up 

INSTRUCTIONS and PROCEDURE: (Engineer to requisition all associated apparatus listed below. 
Laboratory to provide all test equipment required to perform testa) 

Sections 1, 2, 3, 4, and 5: (Charge E2N-5O-LYPl8293) 

Section 6: (Charge E2N-5 ( )  -LYP18292) 

Date 1.10.64 TestNo. N4-302 
U 

section Manager -_Sub.-, 
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Test Equipment Required 

No. 

2 
2 
2 
1 
1 
2 
2 

2 
6 
6 
2 
2 
1 
2 
2 
2 

- Description 

0-32 volt, 35 amp, d-c power supply (El, E2) 
0-30 volt, d-c voltmeter 
0-50 amp d-c ammeter 
Oscilloscope, 10 Mc, dual channel 
3 phase circuit breaker, 10 amps, 150 volts 
DC vacuum tube voltmeters 0-30 volt 
3 phase, 400 cps, 115V, 0-500VA/$#, P. F. 0.9 leading to 0.5 lagging, 
load bank 
0-150V a-c r m s  voltmeter 
0-5 amp a-c ammeter 
0-500 watt a-c wattmeter 
Frequency counter 
Selector switch box for voltmeters 
Recording oscillograph 
0-200V d-c voltmeter 
0-10 amp, d-c ammeter 
0-1000 watt d-c wattmeter 

Unless otherwise specified instrument accuracy shall be as follows: 

Frequency *1 cycle 
RMS voltage f .25% 
DC voltage i. 25% 
RMS current i .25% 
DC Current *.25% 
Watts  i .25% 

Measurement of Reactive Load Division Circuit Laop Gain. 

Connect inverter model in  test circuit described in Figure 8. Set input 
d-c voltage (El) at 28 * 1 volts. 

1.1 Connect a three phase load on output terminals A2, B2, and C2 to 
N (Figure 8) such that the output load current is 1.0 PU, (2.18 
amps/phase) .5 PF lagging, Measure the output voltages. These 
voltages should be 67.5 ~f: 10 volts r m s  line-to-neutral. Record 
the output voltages, currents and watts under this condition. 

NOTE: The output voltage should decrease as the load current is 
increased. Therefore, the impedance of the load will have to be 
reduced accordingly to obtain 1.0 P U  output current under these 
conditions. 

4 
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2.0 Test of Frequency Lock Circuits. 

2.1 Connect two inverters as shown in Figure 9. Do not connect d-c 
power supplies as shown in Figure 9. Open all switches. It is 
not necessary to connect the load nor output meters for this test 
of frequency lock circuits. 

2.2 Disconnect d-c power from the power stages of the inverters. 

2.3 Connect the + lead of a variable voltage d-c power supply through 
a switch to the input terminal (+INP). Use  a separate d-c power 
supply for each inverter. Connect the negative lead of the d-c 
power supplies to (-IN?) terminals. 

2.4 Close switches K1, K2, and K3. 

2.5 Connect a d-c vacuum tube voltmeter across the collector of 
transistor Q24 to (-INP) on each inverter. (These meters are 
indicators only and need not exceed f 10% accuracy.) 

2.6 Set the voltage on each d-c power supply at 28 * 2 volts and apply 
d-c voltage to both inverters simultaneously. 

2.7 One of the collectors of Q24 to (-INP) voltages should rise to 
19 * 1 volts while the other should r i se  to 3 * 1 volts. 

2.8 Connect a separate d-c power supply from base to emitter on Q25 
on the inverter whose Q24 collector to (-INP) voltage is 3 f 1 volts. 
Raise the base to emitter voltage on the Q25 until the voltage from 
the collector of Q24 to (-INP) on that inverter changes from 3 * 1 
volts to 19 + 1 volts. The same voltage on the other inverter 
should reduce from 19 * 1 volts to 3 i 1 volts. There should be 
no further change when the separate power supply is disconnected 
from base to emitter of Q25. 

2.9 Disconnect the voltmeters from the collector of Q24 and connect 
a dual channel oscilloscope to the collector of Q4 on both inverters. 
Set the oscilloscope on chopped, dual channel operation. Connect 
the common side of the oscilloscope to the (-INP) terminal. The 
collector of Q4 voltage on each inverter should be operating at the 
same frequency and i n  phase. Photograph the oscilloscope output 
to record this frequency locked condition. 
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3.0 Test of Phase Lock Circuits. 

3.1 After completing Section 2.0, disconnect the oscilloscope from the 
collector of Q24 on each inverter Connect the oscilloscope to the 
collector of transistor Q17A to (-I") on each inverter. The volt- 
age across each Q17A should be a square wave of the same fre-  
quency but not necessarily in phase with each other. Photograph 
the oscillograph picture to record the out-of -phase condition. 

3.2 Close switch K4. This connects together the "€I" terminals of 
both inverters and should lock both countdown circuits in phase 
with each other 
scope must now be in phase with each other. Photograph the 
oscilloscope picture to record the in-phase condition. 

The square wave voltages seen on the oscillo- 

3.3 Disconnect the d-c power supplies, 

4.0 Parallel Inverter Operation 

4.1 Reconnect the inverter power stages to the d-c input which were 
disconnected in Section 2.2. Finish connecting the two inverters 
in parallel as shown i n  Figure 9. 

4.1.1 Connect voltmeters, ammeters, wattmeters, and a fre- 
quency meter on each inverter output., Rated load current 
is 2.18 amperes. 

4.1.2 Connect a separate 0-350 VA per phase, 0.9 leading to 
0.75 lagging load to each inverter through a 3 PST switch. 

4.1.3 Parallel  the loads through an aircraft circuit breaker. 
Connect auxiliary contacts to short X1 to X2 on both in- 
verters when the main contacts are open. This will dis- 
able the load division circuit during isolated operation. 

4.1.4 Connect an ammeter and a voltmeter on each inverter 
input. Maximum d-c current is 50 amperes. Voltage 
varies from 26.0 to 30.0 volts d-c. 

4.1.5 Open all switches and the paralleling circuit breaker. 

4.2 Close switches K1, K2, and K3 to lock the frequency reference 
together. 

4.3 Set loads at no load on each inverter. Close load switches to 
individual inverters but do not parallel the loads. ' 
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4 . 4  

4 .5  

4.6 

4 .7  

4.8 

4.9 

Connect one channel of a two channel oscilloscope to the collector 
of Q4 and (-INP) on inverter Io Connect the other channel to  the 
collector of Q4 and (-DIP) on inverter 11. 

Set both input d-c power supply voltages at 28* 2 volts and apply 
these voltages to the inverter e 

When both Q4's operate at the same frequency, close switch K4 
to lock the inverters in phase with each other e 

Measure the voltage between vAI and vAII, vBI and vBII, 'CI 
and vCII These voltages must be Ost 2 volts. If they are not, 
adjust the appropriate R15. All line to neutral voltages on each 
inverter must be 115* 1 volt. 

If the requirements of 4,7 are met, parallel the loads by closing 
the paralleling circuit breaker 

Operate the inverters in parallel and record the following data: 

Load terminal voltages, 30, L-N 
Individual output currents 
Individual output watts 
Output frequency 
Input voltage 
Input current 

4 . 9 . 1  Use the following loads: 
0% 
25% 
50% 
75% 
JW% 
12 5% 

. 9  leading 
1.0 
09 w g i n g  
.75 

at each of the following power factors: 

NOTE: 100% load equals 250 VA per phase per inverter. 

4.10 Repeat 4 , 3  through 4.8 except set the loads at those required in 
4.9.1.  

4.11 Using a recording oscillograph, record both phase A inverter 
output currents and voltages during the four 100% load paralleling 
transients required in section 4.10. 
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4.12 To demonstrate that an unloaded inverter can be paralleled with 
a loaded inverter, repeat 4.3 through 4.11 with one inverter un- 
loaded and with the other inverter loaded to loo%, 1.0 PF. 
Record data called for in section 4.9 before and after paralleling. 
Use a recording oscillograph to record both phase A inverter out- 
put current and voltages during the paralleling transient 

4.13 To demonstrate that large load transients can be sustained by the 
paralleled inverters, parallel the unloaded inverters; then, simul- 
taneously, apply two 100% 1.0 PF loads to the paralleled inverters. 
Record the data indicated in  section 4.9 before and after applying 
the load, Use a recording oscillograph to record both phase A 
inverter output current and voltages during the application and 
removal of the load. 

5.0 Single Converter Operation Test 

5.1 Make terminal connections as shown in Figure 10. This con- 
nects the inverter output in delta and rectifies it through a three- 
phase full-wave rectifier. The output of the rectifier is connected 
to the + and - output terminals. Connect d-c output voltage, cur- 
rent, and wattmeters to these output terminals. 

5.2 Connect a resistive load of 31.5 ohms (750 watt) across the out- 
put terminals - 

5.3 Connect the d-c input source (El) through a contactor to the input 
terminals. Set El at 28 0 f 1.0 volts with the contactor open. 

5.4 Close the input contactor. 

5.5 Set the output voltage at 153.5 L 1 volts d-c by adjusting potenti- 
ometer R15. Output current should be 4,88 amperes. Adjust 
load impedance, i f  necessary, to obtain this current. 

5.6 Adjust the voltage across R69 to 20 * 1 volts by adjusting R60, 
This adjustment establishes the transfer characteristics of the 
d-c current transducer in the d-c load division circuit so that one 
per unit load current (4.88 amps) is proportional to  20 volts be- 
tween terminals Y1 and Y2. 

5.7 Record the voltage across R69 for load currents from 0 to 6 amps 
by changing the load current in one ampere steps. 

5.8 Repeat sections 5.0 through 5.7 for the second converter. 
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6.0 Parallel  Converter Operation Test. 

6.1 Connect two converters as shown in Figure 11. 

6.1.1 Connect d-c voltmeters, ammeters, and wattmeters to 
each converter output. Rated current is 4.88 amperes 
d-c e 

6.1.2 Connect a separate 0 to 1000 watt load to each converter 
through SPST switch. 

6.1.3 Parallel the loads through an aircraft circuit breaker. 
Switch K6 is an auxiliary contact on this circuit breaker 
which c.loses when the main contacts are closed. 

6.1.4 Connect a d-c voltmeter and ammeter to each converter 
input. Maximum d-c current is 50 amperes. Voltage 
varies between 26.0 and 30 volts d-c. 

6.1.5 Open all switches and the paralleling circuit breaker. 

6.2 Set both input d-c power supply voltages at 281t 2volts d-c and 
apply these voltages to the converter input terminals. 

6.3 Measure the voltage across the circuit breaker contacts. If this 
voltage is 0 * 2 volt, close the circuit breaker. 

6.4 Operate the converters in parallel and record the following data: 

Output terminal voltage 
Individual output currents 
Individual output watts 

6.4.1 Connect the following loads to each converter before 
closing the paralleling circuit breaker. 

0%, 25%, 50%, 75%, loo%, 125% 
NOTE: 100% load equals 750 watts/converter . 

6.5 Using a recording oscillograph, record both converter output 
voltages and currents during the six paralleling transients of 
section 6.4. 

6.6 To demonstrate that an unloaded converter can be paralleled with 
a loaded converter, parallel an unloaded converter with a conver- 
ter loaded to 750 watts. Record data in accordance with section 

46 



6.4 before and after paralleling. Use a recording oscillograph to 
record both converter output currents and voltages during the 
paralleling transient. 

6.7 To demonstrate that large load transients can be sustained by 
the paralleled converters, parallel the unloaded converters; then, 
simultaneously, apply two 750 watt loads to the paralleled conver - 
ters. Record data in  accordance with section 6.4 before and after 
applying the load. Use a recording oscillograph to record both 
converter output currents and voltage during the application and 
removal of the load. 

7.0 Comparison Between Conventional Core Materials and "Cubex" Core 
Material in Output Transformer. 

7.1 Connect one inverter a s  shown in Figure 8. 

7.1.1 Connect input d-c voltmeter, ammeter, and wattmeter. 
Input voltage 26.0 to 30.0 volts. Maximum input current 
is 50 amperes, 

7.1.2 Connect a complete set of three phase voltmeter, am- 
meters, and wattmeters. Rated output voltage is 115 
volts r m s  line-to-neutral. Rated current is 2.18 amperes 
per phase. 

7.1.3 Connect a 0 to 350 VA per phase, .9 leading to .7 5 lagging 
load to the output terminals. 

7.1.4 Set d-c input voltage (El) to 28 * 1 volts d-c. 

7.2 Perform sections 4.9 and 4.9.1 at 0 and 100% loads. Record 
transformer surface temperature. 

Replace output transformer (P/N LYP18293D4) with Cubex-iron- 
core output transformer (P/N LYP18292Dl). 

7.3 

7.4 Repeat paragraph 7.2 to determine differences in efficiency. 
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El 1: DcInPut Power 

Figure 8. Terminal Connections for Single Inverter Operation and 
Initial Adjustments. (See Schematic Diagram. ) 
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Figure 9.  Terminal Connections and Interconnections for Parallel 
Inverter Operation. (See Schematic Diagram .) 
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Figure 10. Terminal Connections for Single Converter Operation. 
(See Schematic Diagram. ) 
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Figure 11. Terminal Connections and Interconnections for Parallel 
Converter Operation. (See Schematic Diagram. ) 
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